Rapid identification of small molecules that interact with protein targets using a generic screening method greatly facilitates the development of therapeutic agents. The authors describe a novel method for performing homogeneous biophysical assays in a high-throughput format. The use of light scattering as a method to evaluate protein stability during thermal denaturation in a 384-well format yields a robust assay with a low frequency of false positives. This novel method leads to the identification of interacting small molecules without the addition of extraneous fluorescent probes. The analysis and interpretation of data is rapid, with sensitivity for protein stability comparable to differential scanning calorimetry. The authors propose potential uses in drug discovery, structural genomics, and functional genomics as a method to evaluate small-molecule interactions, identify natural cofactors that stabilize target proteins, and identify natural substrates and products for previously uncharacterized protein targets. (Journal of Biomolecular Screening 2006:940-948) 
INTRODUCTION
T HE IDENTIFICATION OF SMALL-MOLECULE INHIBITORS that bind to their cognate protein target is an important step in the drug discovery process. Many efforts have been made to develop suitable high-throughput screening (HTS) methods that are independent of target function or enzymatic activity. 1, 2 Current biophysical and biochemical methods that are usually applied during HTS as well as hit and lead characterization are labor intensive and time-consuming. One recent advance in biophysical applications to HTS is based on fluorescent probes that interact with exposed hydrophobic residues of partially unfolded proteins. 1, 3 This approach has parallel analytical capabilities but is restricted to the analysis of nonfluorescent compounds and proteins that demonstrate acceptable signal to noise levels during heat denaturation. Many other biophysical analytical methods, such as differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC), are singlesample assays that are not suited to screening but rather hit and lead characterization. These limitations lead to the analysis of a limited quantity of compounds. Traditional biochemical analysis using homogeneous and cell-based assays are generally specific to a given target, and therefore unique assays are required for each target, which leads to longer development times and increased costs.
The binding of substrates and small-molecule inhibitors has been demonstrated to increase the intrinsic stability of proteins. 4 Any method that can detect small changes in protein stability, screen multiple samples in parallel, and be performed in a labelfree format is highly desirable. Additional requirements include very low development times and expense for each target, low reagent consumption, rapid data acquisition and interpretation, and robust instrumentation. For these methods to be broadly applicable, they should be able to identify ligands specific toward proteins regardless of biological function and quantitatively rank the strength of a protein/small-molecule interaction.
One method to monitor protein stability is protein denaturation, which can be induced by a variety of different methods and monitored by detection techniques that are sufficiently sensitive to the changes in the protein conformational organization. [5] [6] [7] [8] Thermal protein denaturation has been used to characterize the binding of ligands to their target protein. Differential scanning calorimetry has been used to measure the affinity of ligands to streptavidin 9 and RNase. 4 This method, however, does not allow for high-throughput analysis. Other spectroscopic techniques have been used to monitor temperature-induced protein unfolding, 10, 11 but single-sample heating has limited their application to HTS.
The simplest model of protein denaturation is the reversible, 2-state model: (1) where N is the native state, U the denatured or unfolded state, and k 1 and k -1 the rate constants for unfolding and folding, respectively. In the simplest case, denaturation occurs when a protein is destabilized by increasing the temperature above the transition temperature, or the protein undergoes some other type of insult that produces the denatured, unfolded state. For this 2-state model, we only have to consider the native and the unfolded states. A number of intermediate states that appear to be semistable (i.e., exist for a very short period of time) can occur during the processes of folding or unfolding. 12, 13 Irreversibility requires the addition of a second step to the model for denaturation, in which there is not only a reversible step (which defines the conformational stability of the protein) but also an irreversible step due to aggregation. This 3-state, reversible-irreversible process can be modeled as (2) where A represents the aggregated state, k 2 is the rate constant of aggregation, and n is representative of the degree of cooperativity during aggregation. During protein unfolding, hydrophobic residues are exposed, aggregation occurs, and the protein becomes kinetically locked in the aggregated state.
The 3-state model can often be simplified to a 2-state irreversible model of the following form:
where A represents the aggregated state, and k app is the apparent rate constant. This approximation can be made if k 2 is of the same order of magnitude as k 1 . 13 Therefore, in these cases, aggregation can be an indirect method for measuring denaturation.
The irreversible aggregation kinetics of malate dehydrogenase, catalase, citrate synthase, and β-crystallin induced by exposure to high temperatures has been studied by light scattering. 14 Light-scattering studies measuring aggregation of elastin polypeptides and citrate synthase induced by scanning temperature have also been described. 15, 16 Although some well-studied proteins denature in a largely reversible manner (e.g., trypsin and RNase), most cellular proteins denature irreversibly at neutral pH and moderate protein concentrations. 17 Here we describe a method for measuring protein stability based on the assumption that proteins denature irreversibly and that the consequence of this irreversibility is aggregation. This method measures the protein aggregation associated with heat denaturation of up to 383 samples at the same time. The method also allows for the comparative analysis of the data obtained for several proteins and the associated stabilizing effects of specific and nonspecific ligands.
MATERIALS AND METHODS
All chemical compounds were of analytical grade purchased from Sigma (St. Louis, MO). Pig heart citrate synthase was purchased from Roche (Basel, Switzerland), and rabbit muscle lactate dehydrogenase and pig mitochondrial malate dehydrogenase were purchased from Sigma. Bis-ANS (4,4´-dianilino-1,1´binaphthyl-5,5´-disulfonic acid [bis-ANS]) was purchased from Molecular Probes (Eugene, OR). The 384-well, black, clearbottom plates were purchased from Nalge Nunc International (Rochester, NY).
Protein cloning and purification
Streptococcus pneumoniae methylenetetrahydrofolate dehydrogenase (MTFD), Enterococcus faecalis adenine phosphoribosyltransferase (APT), Escherichia coli farnesyl diphosphate synthetase (IspA), and the Gaf domain of the human phosphodiesterase PDE10 (aa 144-299 of GenBank accession # gi: 8218102) were cloned and purified from E. coli. The expression constructs were derived from genomic DNA obtained from strains ATCC 6314 (Streptococcus pneumoniae), ATCC V583 (Enterococcus faecalis), ATCC 10798 (K-12, E. coli), and a human skeletal muscle cDNA library (CLONETECH cat. 7413-1), respectively. Cloned sequences resulted in the expression of proteins that are full length, with the addition of an amino terminal his-tag sequence derived from pET15b (Novagen, Madison, WI).
All proteins were expressed in E. coli strain BL21(DE3) (Novagen) in 1L Terrific Broth by overnight induction in the presence of 0.5 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) at 15 °C. Cells were lysed in the presence of 0.5% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM benzamidine, and 250 units of benzonase (Novagen) in lysis buffer (50 mM HEPES [pH 7.5], 500 mM NaCl, 5 mM imidazole, 5% glycerol) by sonication (Branson, VWR, Bridgeport, NJ) on ice and centrifuged at 14,000 rpm (Beckman J-25I, GA-17 rotor), and the clarified cell lysates were applied to a 20-mL DE52 column (Whatman, Middlesex, UK). The flow through from the ion exchange column was applied to 5 mL of metal chelate chromatography resin (Superflow, Qiagen, West Sussex, UK) charged with Ni 2+ . The column was washed with 4 column volumes of lysis buffer and 20 column volumes of wash buffer (lysis buffer containing 30 mM imidazole), and it was eluted with 5 column volumes of elution buffer (lysis buffer containing 250 mM imidazole). The elution fractions containing the protein of interest were pooled, dialyzed against 10 mM
HEPES (pH 7.5) and 500 mM NaCl, concentrated to 40 mg/mL, and stored frozen at -70°C.
Sample preparation
All samples were prepared in a buffer containing 100 mM HEPES (pH 7.0) and 150 mM NaCl. Stock solutions of the compounds were made in the same buffer with a final concentration of 10 mM. A final volume of 50 µL of protein at 0.2 mg/mL in the presence and absence of compounds was prepared for the heat aggregation stability test. All the buffers and solutions were filtered under a 0.2-µm Millipore filter and degassed under vacuum for 10 min. When fluorescence was measured, 12.5 µM bis-ANS (4,4´-dianilino-1,1´-binaphthyl-5,5´-disulfonic acid) was added to the samples. Then, 50 µL of sample was added to each of the wells in 384-well plates, and 45 µl of mineral oil was added on top of the solution to prevent evaporation during the experiment.
Aggregation measurements
The protein samples to be measured in the 384-well plates were placed on top of a heating block containing a pattern of 384 holes tilted vertically at 30 degrees with a distribution pattern that matched a 384-well microplate ( Fig. 1) . 18 All the wells were simultaneously illuminated from the bottom through the holes in the heating plate, using an arrangement of 620-nm light-emitting diodes. The heating block was subsequently heated with a Peltier system (cat. DA-151-24; Supercool, Long Lake, MN) controlled by a computer. The heating rate was set to 1 °C/min based on previous studies, 14 and the light scattering due to protein aggregation was detected from the top of the plate with a CCD camera (cat. 1300C; QImaging, Burnaby, British Columbia, Canada). Images were taken every 0.5 °C increase in temperature. The temperature was monitored using a thermistor probe placed in one of the wells in the plate, and the plate was heated from 25 °C to 80 °C. Protein concentration within 0.1 to 0.4 mg/mL was required for a good signal to noise ratio. Proteins needed to be pure (> 95%) to have better reproducibility in T agg determination as well as ligandbinding studies. Protein impurity affects the values and the shape of transition curves. The presence of any additive carried through the purification process can potentially affect the values of T agg . In all experiments, the same buffer composition was used in the presence and absence of ligands.
Changes in light scattering were measured by analyzing the intensities of the images with image analysis software (inhouse program) and the intensities plotted as a function of temperature. To determine the middle point of the transition in the aggregation, the curves were fit with the following sigmoid function:
where A 1 and A 2 are the maximum and minimum light-scattering intensities, and T agg is the middle point of the transition where the aggregation is 50% of maximum.
Each experiment was performed in 55 min. Subsequent data extraction and plotting of the intensities versus temperature for all 384 samples on each plate were completed in 10 to 15 min using the instrument software. This instrument has been used by the Structural Genomics Consortium, University of Toronto in high-throughput ligand-binding studies (Vedadi et al., PNAS, in press) and is available from Harbinger Biotech (www.harbingerbiotech.com).
Fluorescence and light-scattering measurements
For simultaneous fluorescence and light-scattering measurements, 2 sources of illumination were used-1 from the bottom, as described above for detection of light scattering, and another from the top with a 365-nm UV light for excitation of the fluorophore. Images of both intensities are taken by introducing a 450-nm filter for fluorescence readings and removing it for light scattering. Thus, alternate readings every 0.5 °C are taken corresponding with readings at intervals of 1 °C for fluorescence and light scattering, respectively.
Differential scanning calorimetry (DSC)
Differential scanning calorimetry experiments were carried out in a high-sensitivity Nano-DSC II calorimeter (Calorimetry Sciences Corp., Lindon, UT). Protein samples were diluted to 1 mg/mL in 100 mM HEPES and 150 mM NaCl and degassed under vacuum before being analyzed. The dilution buffer was used in the reference cell and for buffer baseline determination. Measurements were performed at a scan rate of 60 K h -1 and under 2 atmospheres of nitrogen pressure. Thermograms were analyzed according to a non-2-state model in which T m , ∆H cal , and ∆H vanHoff of individual transitions are fitted independently using Origin 5.0 software. The magnitude and source of the errors in the T m and enthalpies values have been discussed elsewhere. 19 
Preparation of the library of compounds
A library of 24 compounds randomly repeated 16 times each in a 384-well plate was designed: each compound at 1 mM concentration in the same 100-mM HEPES (pH 7.0) and 150-mM NaCl buffer solution. Fourteen of the compounds were known to be ligands of 1 or more of the proteins used in the experiments; the other 9 compounds and a control condition without compound were arbitrarily selected and added to the screen. These 9 compounds were cytosine, cGMP, D-manose, D-fucose, phosphoenol pyruvate, fumaric acid, flavin adenine dinucleotide (FAD), cloranphenicol, and malate.
RESULTS

Measurements of protein stability
We designed a method and developed a system for simultaneously testing the stability of many protein samples. This method is based on measuring the aggregation of proteins induced by a continuous and controlled heating in 384-well plates as described in Materials and Methods. The reproducibility of the method was determined by analyzing the aggregation of citrate synthase in each of the 384 wells on different days and comparing the observed T agg values. The measurements were reproducible, with average T agg of 55.4 ± 0.5 (n = 3). The plate was heated at 1 °C/min, and images were taken every 0.5 °C from 25 to 80 °C, allowing the reading of a full 384-well plate in 55 min. Figure 2A shows an image of the plate at 25 °C with the protein citrate synthase still in solution, where low light scattering is observed (Fig. 2B) . Figure 2C is an image obtained at 65°C with citrate synthase in a denatured and aggregated form, indicated by a high amount of light scattered. The bright spots indicated in Figure 2B are due to incident and reflected light and are considered background. The light scattering as a result of protein aggregation can be observed in Figure 2C between the reflected and incident light spots.
The intensity of the scattered light at each temperature was extracted from the images using image analysis software. The intensities obtained for each independent sample (well) were plotted as a function of the temperature to generate temperature transition curves, and a single transition curve is shown in Figure 3 . Statistical analysis shows an average T agg for citrate synthase of 55.5 ± 0.5 °C within a plate (n = 383).
DSC was used to monitor the thermal denaturation of the same citrate synthase preparation. This analysis resulted in a transition temperature of 57.5 °C (Fig. 3A) . The difference between the observed T agg and the thermal stability measured by DSC could be attributable to variations in the experimental protocols used: (1) aggregation was measured at a protein concentration of 0.1 mg/mL for light scattering and 1 mg/mL for DSC, or (2) the temperature measurements were taken with instruments that have slightly different calibrations. Assuming the aggregation rate is significantly faster than the unfolding rate, the kinetics of this process should be a firstorder mechanism, 14 and subsequently, the T agg should be independent of the protein concentration. In cases where the aggregation rate is slower, the kinetics would be bimolecular or multimolecular, 14 and the T agg should be dependent on the concentration. We tested 29 proteins at concentrations between 0.1 and 0.8 mg/mL and found that for 11 proteins, there was no decrease in T agg as a function of protein concentration, whereas 18 proteins demonstrated a nonlinear protein concentrationdependent decrease of greater than 2 °C with increasing protein concentration from 0.1 to 0.8 mg/mL. A decrease in T agg of greater than 5 °C was observed only for 7 of 29 proteins over a protein concentration range of 0.1 to 0.8 mg/mL. Although protein concentration affected T agg measurement for about 60% of proteins, only for 24% of these proteins was the effect more than 5 °C; on average, the T agg showed a concentration dependence of less than 0.5 °C for each 0.1-mg/mL increase in protein concentration (data not shown). This effect seems to be small enough to presume that the T agg measured by light scattering is a surrogate of the transition temperature of unfolding.
To further test the above hypothesis, we simultaneously measured the temperature of aggregation by light scattering (T agg ) and the temperature of denaturation (T m ) by fluorescence using bis-ANS. This probe is known to bind to exposed hydrophobic sites during protein denaturation with an increase in its fluorescence quantum yield. 20, 21 We monitored heat denaturation and aggregation at the same time and in the same sample to directly compare the 2 methods and determine, under identical conditions, whether there is a major difference between the T m obtained by denaturation and the T agg determined by light scattering (Fig. 3B) .
A comparison of the thermal stability of citrate synthase measured by light scattering and bis-ANS fluorescence revealed that the T agg is 53.6 ± 0.3°C, less than 1 °C higher than the denaturation temperature measured by fluorescence (T m = 52.7 ± 0.3°C). The T agg observed in this experiment is lower than the T agg measured by light scattering in the absence of bis-ANS (T agg = 55.4 ± 0.5 °C), indicating that for citrate synthase, this reagent may have a small destabilizing effect or may promote protein aggregation by binding to unfolded protein. The similarity of the 2 measured values indicates that measuring thermally induced protein aggregation is a good, although indirect, method for probing protein stability.
Ligand binding and protein stabilization
Thermal protein denaturation has been used to determine whether a given ligand binds to a target receptor protein using calorimetric analysis, 4, 9 but the calorimetric methods are not easily applied to HTS of small-molecule libraries.
We have demonstrated that the aggregation temperature, T agg , can be accurately measured with a standard deviation of 0.5 °C; therefore, ligands can be identified that interact with a given protein and affect its stability by more than 1 °C. To test this hypothesis, 6 proteins that were known to bind to 1 or more ligands were selected. Each selected protein has 1 to 4 ligands, and a library was designed that contained the 14 different compounds that interact with the selected proteins, plus 9 other randomly selected natural ligands and a control with no compound added, as listed in Materials and Methods. In total, this library contains 24 conditions that are randomly repeated 16 times in a 384-well plate format. This strategy allowed for characterization of (1) specific binding, (2) false-positive binding, and (3) reproducibility. The T agg of each protein was determined in triplicate by light scattering during thermal denaturation in the presence of the compounds ( Table 2) . Differential scanning calorimetry is a well-established method for measuring protein stability and ligand binding [22] [23] [24] [25] [26] [27] [28] [29] and was used as a reference method to validate our findings obtained from measuring protein aggregation. For this purpose, the same proteins used in the analysis of thermal stability by light scattering were analyzed by DSC in the presence of 1 or 2 of their ligands.
Natural ligands that have previously been demonstrated to interact with each protein were analyzed for protein stabilization, and the average stabilizing effects measured by light scattering (T agg ) and DSC (T m ) are displayed in Table 2 . As an example of a direct comparison of protein stability measured by light scattering and DSC, the stability of citrate synthase, measured in the presence of 1 mM oxaloacetate, is shown in Figure 4 . A correlation of the protein and protein-ligand stability observed with the 2 methods is shown in Figure 5 , demonstrating that the effect of small-molecule binding on protein stability can be observed using the light-scattering detection method.
Only specific binding of known ligands to their cognate protein is observed when a ∆T agg of greater than 1.5 °C is used as a filter. Using this criterion, the stabilization of methylenetetrahydrofolate dehydrogenase (MTFD) by 4 known interacting ligands occurred in greater than 98% of the replicates (47 out of 48 times for each compound). Small molecules included in the 24compound library that have not been previously shown to interact with MTFD did not show stabilization by more than 0.9 °C, with an average T agg of 53.0 ± 0.5 °C compared to a T agg of 53.9 ± 0.7 °C for the protein alone as control. A plot of T agg versus compound demonstrates the reproducibility and the low nonspecific protein stabilization for MTFD (Fig. 6) . The values determined for T agg and ∆T agg have not been corrected for the apparent edge effects, and a greater signal-to-noise ratio can be obtained following data correction. Similar results were obtained by screening 3 other proteins: adenine phosphoribosyl transferase, malate dehydrogenase, and IspA ( Table 3) .
DISCUSSION
The evaluation of small-molecule compounds in drug discovery is a complex undertaking involving enzymatic, biophysical, cell-based animal models, as well as physicochemical compound characterization. HTS has become a standard tool in the pharmaceutical drug discovery pipeline, and the development, adaptation, and optimization of assays has become a huge expense. Many assays are very specific to the target screen and are often compromised by a high false-positive rate. A solution to these problems is to use a standardized highthroughput assay that does not rely on indirect substrate/product measurements, and the results from independent screens can be used to eliminate compounds within the library displaying nonspecific characteristics. Small-molecule interactions with target proteins have been previously demonstrated to affect protein thermal stability. The method described here can be readily used as a high-throughput binding assay. Small molecules are directly incubated with the target protein, and a favorable protein-ligand interaction can be detected by the change in T agg . The advantages of light scattering as a tool for measuring protein stability include the following: (1) there is the absence of external reagents or probes that may affect protein integrity; (2) fluorescent ligands or smallmolecule compounds do not confound the analysis, as is the case for most fluorescent-based assays; and (3) there is the parallel evaluation of many samples. A comparison of our new light-scattering system with differential scanning calorimetry and bis-ANS fluorescence as tools to measure protein thermal stability for 6 proteins has demonstrated that our novel lightscattering system can detect changes in protein stability that are commensurate with the other 2 methods.
The light-scattering method for the detection of protein stability is not as sensitive as DSC because light scattering can reliably detect changes in T agg that exceed 1.0 °C. However, light scattering has the advantage that it can measure many samples in parallel with a consequent increase in the throughput, allowing for the screening of many ligands simultaneously (up to 384 per plate in 55 min). Identified small molecules can be further characterized using biochemical and cell-based assays for evaluation by drug discovery programs.
In general, the observed stability of a protein is altered when a ligand binds, resulting in a shift in the denaturation or aggregation temperature. Compound binding to the native state in the absence of binding to the denatured state will necessarily lead to an increase in the apparent protein stability. On the other hand, binding to the unfolded state in the absence of native A scatterplot of T agg values obtained for each compound with MTFD is shown. Compounds that stabilized MTFD are indicated by squares; compounds that did not stabilize MTFD are indicated with circles. NADPH (yellow), NADP + (brown), 2´AMP (blue), and 2´5´ ADP (red) were observed to stabilize MTFD. A nonspecific destabilization effect was observed for dihydrofolic acid (brown circles). state binding will decrease the apparent protein stability relative to that of the protein in the absence of ligand. These effects are stipulated by the thermodynamics of reversible folding, and therefore the relationship between binding affinity and the magnitude of the observed temperature shift is not a simple correlation. 29 For this reason, special care should be taken when evaluating or ranking affinities from T agg or T m values.
Here we describe a robust method for the routine evaluation of small-molecule/protein interactions, which is based on the assumption that most proteins irreversibly denature and form aggregates during thermal denaturation. Light scattering as a measure of protein aggregation is a very sensitive technique; however, proteins that reversibly unfold and do not form aggregates are not amenable to this method of analysis. The analysis of 383 samples, combined with the low protein requirement, makes this system ideal for identifying solution conditions or small molecules that affect protein stability. The application of light scattering to monitor protein stability can be used for several different types of analysis. Proteins can be screened against a range of buffer and salt conditions to identify an optimal buffer condition for purification and storage. Screening against a panel of cofactors and metals can be used to identify additives that promote protein stability and guide assay development. Also, screening against a small library of biologically relevant small molecules, such as nucleotides, flavins, and common substrates (or substrate analogs), can identify conditions that favor protein stability. These stabilizing molecules can be used during protein crystallization to promote conformational homogeneity and therefore improved crystallization rates. An alternate approach is the analysis of a multitude of protein samples under identical conditions to identify mutations, truncations, or protein fusions that alter the protein stability. One of the distinct advantages of using light scattering to measure protein stability is the application of label-less assays for the identification and characterization of small-molecule/protein interactions in drug discovery.
